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Gravitational waves (GWs) from presumed binary black hole mergers are now being detected
on a regular basis with the Advanced LIGO and Advanced Virgo interferometers. Exotic compact
objects (ECOs) have been proposed that differ from Kerr black holes, and which could leave an
imprint upon the GW signal in a variety of ways. Here we consider excitations of ECOs during
inspiral, which may occur when the monotonically increasing GW frequency matches a resonant
frequency of an exotic object. This causes orbital energy to be taken away, leading to a speed-up of
the orbital phase evolution. We show that resonances with induced phase shifts . 10 radians can
be detectable with second-generation interferometers, using Bayesian model selection. We apply
our methodology to detections in the GWTC-1 catalog from the first and second observing runs of
Advanced LIGO and Advanced Virgo, finding consistency with the binary black hole nature of the
sources.
I. INTRODUCTION
In the past several years, the Advanced LIGO obser-
vatories [1] together with Advanced Virgo [2] have been
detecting gravitational wave (GW) signals from coalesc-
ing compact binaries on a regular basis. This includes a
confirmed binary neutron star inspiral [3–6], and more re-
cently another possible binary neutron star [7], although
most sources appear to have been binary black holes [8–
13]. The detections made during the first and second
observing runs are summarized in [13]; the latter will be
referred to as GWTC-1, for Gravitational Wave Tran-
sient Catalog 1. (For other detection efforts, see [14–16].)
A number of alternatives to the Kerr black holes of
classical general relativity have been proposed, called ex-
otic compact objects (ECOs). For instance, if dark mat-
ter is composed of fermionic particles then they may form
star-like objects supported by degeneracy pressure: dark
matter stars [17]. Boson stars [18] are macroscopic ob-
jects made out of scalar fields, as motivated by the dis-
covery of the Higgs, cosmological inflation, axions as a so-
lution of the strong CP problem, moduli in string theory,
as well as dark matter. It has also been speculated that
there may be gravastars [19]: objects with a so-called
de Sitter core where spacetime is self-repulsive – much
like dark energy – and held together by a shell of mat-
ter. As far as quantum gravity is concerned, fundamen-
tal considerations such as Hawking’s information paradox
have led some to postulate quantum modifications of the
black holes of general relativity, such as firewalls [20] and
fuzzballs [21]. For an overview of the various ECOs that
have been proposed in the literature, see e.g. [22].
When ECOs are part of a binary system that under-
goes coalescence, they can make their presence known
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through a variety of effects that may get imprinted upon
the gravitational wave signal, and which would not be
there in the case of “standard” binary black holes. These
include tidal effects [23, 24], dynamical friction as well as
resonant excitations due to dark matter clouds in the
vicinity of the objects [25], violations of the no-hair con-
jecture [26, 27], and gravitational wave “echoes” follow-
ing a merger [28–35].
Here we will focus on another possible signature of
ECOs, namely resonant excitations during inspiral. Such
effects have been well-studied in the context of neutron
stars [36–40]: as the gravitational wave frequency in-
creases monotonically, at one or more points in time it
can become equal to an internal resonant frequency of
a compact object. The resulting excitation takes away
part of the orbital energy, leading to a speed-up of the
orbital motion, which in turn affects the phasing of the
gravitational wave signal. As pointed out in [41, 42], for
inspiraling boson stars the gravitational wave signature
of such effects can potentially be detected.
Thus, it is natural to ask whether there is any sign of
resonant excitations in the signals of the presumed bi-
nary black hole coalescences of GWTC-1. In this paper
we develop a concrete data analysis framework to search
for these signatures in data from Advanced LIGO and
Advanced Virgo, and apply it on events from GWTC-
1. In particular, in Sec. II we outline our basic set-up
for the effect of resonant excitations on the gravitational
wave phase, together with the methodology to search for
resonances in gravitational wave signals. This is then ap-
plied to simulated signals in Sec. III, where we assess the
detectability of the effect. The signals in GWTC-1 are
analyzed in Sec. IV. Finally, Sec. V provides a summary
and future directions.
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2II. METHODOLOGY
A. Imprint of resonant excitations on the
gravitational wave phase
Our model of how resonant excitations modify the
gravitational wave signal from inspiraling ECOs will be
based on that of Flanagan et al. [39]; the context of that
work was resonant r-modes in binary neutron star inspi-
ral, but the basic assumptions carry over to the case at
hand. For simplicity, let us begin by assuming that only
one of the two inspiraling objects undergoes a resonance,
at some time t0. The excitation takes away part of the
orbital energy, causing the gravitational wave phase Φ(t)
to undergo an apparent advance in time ∆t relative to
the point particle inspiral phase Φpp(t):
Φ(t) =
{
Φpp(t) if t < t0,
Φpp(t+ ∆t)−∆Φ if t ≥ t0, (1)
where the phase shift ∆Φ is such that Φ(t) remains con-
tinuous at t = t0. Assuming ∆t to be sufficiently small,
we may write
∆Φ = Φ˙pp(t0)∆t. (2)
Expanding Φ(t) in Eq. (1) to linear order in ∆t, we then
obtain
Φ(t) = Φpp(t) + Φ˙pp(t)∆t− Φ˙pp(t0)∆t. (3)
The instantaneous gravitational wave frequency is ω = Φ˙;
using this and Eq. (2) leads to
Φ(t) = Φpp(t) + θ(t− t0)
[
ω(t)
ω(t0)
− 1
]
∆Φ, (4)
with θ(t − t0) the usual step function. (Clearly we are
assuming that the resonant excitation is of sufficiently
short duration so as to be near-instantaneous. At least
in the boson star examples of [42] this is a reasonable
approximation, but it may not be typical.) In the sta-
tionary phase approximation [43], this implies that the
phase φ(f) of the frequency domain waveform becomes
φ(f) = φpp(f) + θ(f − f0)
[
f
f0
− 1
]
∆Φ, (5)
where φpp(f) is the point particle phase in the Fourier
domain, and f0 the frequency at which the resonance
occurs.
In practice, both objects in the binary system may
experience resonant excitation; moreover, an individual
object may be subject to several resonant excitations at
different frequencies during the time the signal is in the
detectors’ sensitive frequency band [42]. In order to keep
the data analysis problem tractable in terms of compu-
tational requirements as well as the dimensionality of pa-
rameter space, in this work we will allow for up to two
main instances of resonance, with associated frequencies
f01 and f02, assuming other resonances to have a negli-
gible effect. The frequency domain phase then becomes
φ(f) = φpp(f)
+ θ(f − f01)
[
f
f01
− 1
]
∆φ01
+ θ(f − f02)
[
f
f02
− 1
]
∆φ02. (6)
In what follows, we will assume that the values of reso-
nance frequencies are ordered such that f01 < f02.
In order for resonances to be observable, it is neces-
sary that (a) the cumulative dephasing with respect to
the point particle case is sufficiently large (for second-
generation detectors this can be taken to mean larger
than ∼ 1 radian), and (b) the resonance frequencies are
within the detectors’ sensitive frequency band. As shown
in [44], it is hard to meet both of these criteria simul-
taneously for ECOs whose horizon modification scale is
microscopic (as would be the case for e.g. fuzzballs [21]).
On the other hand, the analysis of [41, 42] indicates that
for boson stars, it is possible to satisfy both conditions
at the same time.
B. Bayesian analysis
Our expression (6) for the phase in the presence of
resonances leads to a Fourier domain waveform model
h˜ECO(f) (which is discussed in more detail below), and
this in turn defines a Bayesian hypothesis HECO which
states that resonances took place in a given coalescence
event. This can be compared with the hypothesis HBBH
stating that no resonances took place; the associated
waveform model h˜BBH(f) just describes the signal from
binary black hole coalescence. Given a hypothesis H,
data d, and whatever background information I we pos-
sess, a Bayesian evidence is obtained through
p(d|H, I) =
∫
dθ¯ p(d|H, θ¯, I) p(θ¯|H, I). (7)
The integral is over the parameters θ¯ (masses, spins, pos-
sible resonance frequencies and phase shifts, ...) that the
waveform h˜(θ¯; f) depends on. p(θ¯|H, I) is the prior den-
sity, and the likelihood p(d|H, θ¯, I) is given by [45]
p(d|H, θ¯, I) ∝ exp [−〈d− h(θ¯)|d− h(θ¯)〉/2] , (8)
where the noise-weighted inner product 〈 · | · 〉 is defined
in terms of the noise power spectral density Sn(f):
〈a|b〉 ≡ 4<
∫ fhigh
flow
df
a˜∗(f) b˜(f)
Sn(f)
, (9)
with flow and fhigh respectively the lower cut-off fre-
quency of a detector and the ending frequency of a given
3signal. This enables us to compute the ratio of evidences,
or Bayes factor, for the hypotheses HECO and HBBH:
BECOBBH ≡
p(d|HECO, I)
p(d|HBBH, I) . (10)
If for a given gravitational wave signal the (log) Bayes
factor logBECOBBH is high, then this may be indicative of res-
onances having occurred. However, also noise artefacts
can cause logBECOBBH to be elevated. In order to estab-
lish a statistical significance, we add a large number of
simulated binary black hole signals to the detector noise
and compute the log Bayes factor for all of them, leading
to a so-called background distribution PBBH(logBECOBBH).
Given a real signal with a particular value for logBECOBBH ,
the associated false alarm probability (FAP) is given by
FAP =
∫ ∞
logBECOBBH
PBBH(x) dx. (11)
Next, consider a large number of simulated signals con-
taining resonant effects, with given ranges for parameters
like masses, resonance frequencies, and induced phase
shifts for the component objects. Let the distribution
of logBECOBBH for these signals be PECO(logBECOBBH). Given
a threshold pth for the false alarm probability, the effi-
ciency in uncovering the resonant effects is defined as
 =
∫ ∞
logBth
PECO(y) dy, (12)
where the threshold logBth on the log Bayes factor is
obtained through
pth =
∫ ∞
logBth
PBBH(x) dx. (13)
Apart from hypothesis testing we also measure the pa-
rameters associated with a hypothesis. Using the likeli-
hood function defined in Eq. (8), a joint posterior density
function for all the parameters is obtained through Bayes’
theorem:
p(θ¯|H, d, I) = p(d|H, θ¯, I) p(θ¯|H, I)
p(d|H, I) . (14)
Finally, the one-dimensional posterior density function
for a given parameter is obtained by integrating out all
the other parameters.
The baseline of the waveform model was taken to be
the frequency domain inspiral-merger-ringdown approxi-
mant IMRPhenomPv2 [46–48], and modifications arising
from resonances were added on top of that; in particu-
lar, the phase was changed according to Eq. (6). Priors
for ∆φ01 and ∆φ02 were chosen to be uniform in [0, 100].
Those for f01, f02 were taken to be uniform in the inter-
val [20, 440] Hz, where the lower limit of the range is the
detectors’ flow and the upper limit corresponds to the
innermost stable circular orbit (ISCO) for a total mass
of M = 10M. For sources with a higher total mass this
Sensitivity and IFOs Event logBECOBBH FAP
O1 HL
GW150914 -1.76 0.94
GW151012 -2.18 0.97
GW151226 -2.66 0.98
O2 HL
GW170104 -1.90 0.96
GW170608 -4.04 1.00
GW170823 -1.09 0.59
O2 HLV
GW170729 -0.81 0.25
GW170809 -1.85 0.85
GW170814 -2.14 0.93
GW170818 -1.58 0.75
TABLE I: Values of log Bayes factors for the GWTC-
1 events, together with false alarm probabilities with
respect to the background distributions computed for
the three kinds of data sets.
implies that our analyses will in practice also be search-
ing for non-standard effects in the phase past the end of
inspiral. In principle we could have restricted f01, f02
to be below the ISCO frequency; however, allowing for
an extended range has the benefit that we can be sen-
sitive to more general departures from BBH behavior in
the inspiral-merger-postmerger phase evolution than just
resonant excitations of the component objects during in-
spiral.
Finally, the software implementation of our method-
ology was based on the LIGO Algorithm Library Suite
(LALSuite); the likelihood calculation was performed us-
ing the nested sampling algorithm in the lalinference
package of LALSuite [45, 49].
III. SIMULATIONS
A. Measurability of resonance effects in the O1
and O2 observing runs
First we want to gain some basic insight into the size
of the resonance effects that could be measurable with
Advanced LIGO and Advanced Virgo. To this effect
we compute logBECOBBH for two sets of simulated signals,
or injections, in LIGO-Virgo data from the first two
observing runs (O1 and O2) [13, 50–52], with one set
corresponding to BBHs and the other to ECOs. For
both sets, component masses are drawn uniformly from
m1,m2 ∈ [5, 70]M, but total masses are restricted to
m1 + m2 ∈ [15, 110]M, consistent with the mass esti-
mates for the BBH-like events in GWTC-1 [13]. The lat-
ter leads to a maximum ISCO frequency of fISCO,max =
293 Hz, and a median of fISCO,median = 83 Hz. Sources
are distributed uniformly in volume, with a lower cut-off
on the network signal-to-noise ratio of SNR ≥ 8.
In the set of injections corresponding to ECOs, the
induced phase shifts due to resonances are taken to be
uniform in ∆φ01,∆φ02 ∈ (0, 10] rad, and possible reso-
nance frequencies are chosen uniformly in f01 ∈ [20, 50]
Hz, f02 ∈ [20, 100] Hz. We only implement phase modifi-
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FIG. 1: Distributions of log Bayes factors for the ECO hypothesis over the BBH hypothesis for BBH injections
(blue) and ECO injections (red), with parameter ranges as described in the main text. For the BBH injections,
we also show Gaussian KDE fits (the smooth curves) to the background distribution, with respect to which a 5σ
threshold for detectability of resonances is established (the dashed vertical lines). The left panel shows results for
injections in O1 data from LIGO Hanford and LIGO Livingston; the middle panel uses O2 data where only the two
LIGO detectors where active; and the right panel is for O2 when the two LIGO detectors as well as Virgo were on.
For the chosen 5σ threshold, the log Bayes factor distributions for ECOs lead to efficiencies of, respectively, 17%,
21%, and 31%.
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FIG. 2: Efficiencies with respect to a 5σ threshold as
function of the size of the phase shifts associated with
resonances. We consider subsets of foreground samples
in which the ∆φ0i, i = 1, 2 do not exceed some given
∆φmax, and progressively increase this maximum value.
cations for frequencies below fISCO. We reject injections
for which both f01 and f02 are above fISCO; of those
remaining, 59% will exhibit only one resonance during
inspiral, and the rest will have two of them. Finally, spin
directions are chosen to be uniform on the sphere, with
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FIG. 3: Posterior density functions for f01, f02, ∆φ01,
and ∆φ02, in a case where no resonances are present
and the signal corresponds to a BBH. For this event
the inspiral ended at fISCO = 94.7 Hz; the posteriors
for f01 and f02 mainly have support for frequencies well
above that, and the ∆φ01, ∆φ02 distributions largely
return the prior.
dimensionless spin magnitudes in the interval [0, 1).
Results are shown in Fig. 1, for 200 BBH injections
and an equal number of ECO injections. Distributions
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FIG. 4: Posterior density functions for an example
ECO with two resonances during inspiral; the dashed-
dotted vertical lines indicate the true values of f01,
f02, ∆φ01, and ∆φ02. In this case logBECOBBH = 19.98,
i.e. above our 5σ detection threshold for resonances.
of logBECOBBH are displayed separately for the case of two
LIGO detectors active in O1, two LIGO detectors ac-
tive in O2, and two LIGO detectors and Virgo active
in O2. In each scenario, the blue and red histograms
respectively refer to the distributions PBBH(logBECOBBH)
and PECO(logBECOBBH) defined in the previous section.
The background distributions PBBH(logBECOBBH) are suf-
ficiently well-behaved to allow for accurate Gaussian
KDE approximations, with respect to which we calculate
threshold values logBth as in Eq. (13), for pth correspond-
ing to a significance of 5σ. In each of the three cases,
we then estimate the efficiency for 5σ detection of reso-
nances by counting the fraction of foreground logBECOBBH
samples that exceed logBth. This leads to efficiencies of,
respectively, 17%, 21%, and 31% for analyses in the three
data sets; as expected, the three-detector network with
O2 sensitivity returns the highest efficiency. This indi-
cates that O1 and O2 would have allowed for observations
of resonance-induced phase shifts with ∆φ01,∆φ02 . 10
rad.
To assess how low a phase shift can be detectable, we
can look at subsets of foreground injections for which
neither ∆φ0i, i = 1, 2 exceeds some given value ∆φmax,
and in each of the subsets determine efficiencies for 5σ
detection of resonances. The results are shown in Fig. 2.
We conclude that the chance of confidently detecting a
resonance with e.g. ∆φ0i ≤ 5 is relatively low (< 5%),
and the signature of resonances mainly starts to be picked
up from ∆φ0i & 8.
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FIG. 5: Posterior density functions for an example
ECO with only one resonance. The dashed-dotted ver-
tical lines indicate the true values of frequency and
phase shift. The posteriors for f01 and ∆φ01 capture
these reasonably well, but the posterior for f02 again
has support at values much above fISCO = 45.4 Hz,
similar to the BBH case of Fig. 3. Also, the ∆φ02
distribution is consistent with 0. In this example
logBECOBBH = 10.18, well above the 5σ threshold.
B. A note on parameter estimation
Now let us turn to parameter estimation for resonance
frequencies and phase shifts. Our Bayesian hypothesis
HECO effectively assumes the presence of two resonances.
Of course, in reality a binary coalescence involving ECOs
may have zero instances of resonance in the detectors’
sensitive frequency band, or only one, or more than two.
Thus, though it is always possible to arrive at posterior
density distributions for the two resonance frequencies
f01, f02 and associated phase shifts ∆φ01, ∆φ02 through
Eq. (14), these should be taken with a grain of salt.
Indeed, our real tool for assessing the presence of res-
onances is logBECOBBH together with its background distri-
bution PBBH(logBECOBBH). Nevertheless, for completeness
we show some representative example parameter estima-
tion results for different cases.
First of all, Fig. 3 shows posterior densities for the case
of a binary black hole injection. No resonance frequen-
cies are in band, and indeed the sampling puts most of
the posterior weight for f01, f02 at frequencies well above
ISCO (where in this case fISCO = 97.4 Hz). The distri-
butions for ∆φ01 and ∆φ02 largely return the prior.
In Fig. 4, we show posteriors for an ECO case with
two resonance frequencies in band, for an event whose
logBECOBBH is above the 5σ threshold for detectability of
resonances. The parameters related to resonances are
estimated reasonably well.
Finally, Fig. 5 shows posteriors for an example ECO
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FIG. 6: Log Bayes factors for the presumed binary black hole events of GWTC-1 (vertical dashed-dotted lines).
For reference we also show the BBH background distributions of Fig. 1 again distinguishing between the case of
two detectors in O1 (left), the two LIGO detectors in O2 (middle), and the two LIGOs together with Virgo in O2
(right); vertical dashed lines again indicate 5σ significance thresholds as in Fig. 1. It will be clear that for none of
the GWTC-1 events, observable resonances are present in any statistically significant way.
with only a single resonance. Though in this case pa-
rameter estimation cannot be fully reliable, the posteri-
ors for f01 and ∆φ01 reasonably capture the true reso-
nance frequency and phase shift. The posterior for ∆f02
only has support well above the ISCO frequency (here
fISCO = 45.4 Hz), reminiscent of the BBH case of Fig. 3.
However, we stress again that our “detection statistic”
logBECOBBH and its background distribution are what pro-
vide the means to establish the presence of resonances;
and indeed, the log Bayes factor for this injection is com-
fortably above the 5σ threshold.
IV. SEARCHING FOR RESONANCES IN
GWTC-1 EVENTS
Next we turn to analyzing the presumed binary black
hole events of GWTC-1 [52, 53]. The main results are
given by Fig. 6 and Table I. The Figure shows the values
of logBECOBBH for the various events in the three kinds of
data sets. We also show again the background distribu-
tions PBBH(logBECOBBH), which the “foreground” log Bayes
factors are clearly consistent with. In the Table, for each
event we explicitly list log Bayes factors, as well as the
false alarm probability with respect to the background
distribution.
Two caveats are in order regarding the false alarm
probabilities that we list. First, a larger number of BBH
injections than the ones performed here will of course
result in a more accurate assessment of the background
PBBH(logBECOBBH). Secondly, the background will depend
upon the distributions of masses and spins that were cho-
sen for the injected BBH signals (specified in the pre-
vious section), but the astrophysical parameter distri-
butions for the population of heavy compact objects in
the Universe are likely to differ from these. In the fu-
ture one could use the measured parameter distributions
[54], whose accuracy will increase as more detections are
made. That said, all of the values of logBECOBBH that we
obtain for individual events in GWTC-1 are anyway neg-
ative, thus favoring the BBH hypothesis.
Though we find no evidence for the presence of reso-
nances in any of the GWTC-1 events, for completeness
we show posterior density functions obtained for the res-
onance frequencies f01, f02 (Fig. 7), and for the phase
shifts ∆φ01, ∆φ02 (Fig. 8). The posteriors for f01, f02
tend to be rather similar to the ones for the BBH in-
jection of Fig. 3, having most of their support at high
frequencies, beyond ISCO. Also, the posteriors for ∆φ01,
∆φ02 are for the most part consistent with the priors.
V. SUMMARY AND FUTURE DIRECTIONS
Exotic compact objects may exhibit resonant excita-
tions during inspiral, thereby taking away orbital energy
from a binary system, leading to a speed-up of the or-
bital phase evolution relative to the binary black hole
case. We have set up a Bayesian framework to look for
such resonances under the assumption that they are of
short duration, and that up to two resonant frequencies
can be present in the part of the inspiral that is in the sen-
sitive band of the Advanced LIGO and Advanced Virgo
detectors. The associated model for the modification of
the phase evolution allows one to compute a log Bayes
factor logBECOBBH quantifying the ratio of evidences for the
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FIG. 7: Posterior density functions for the resonance
frequencies f02 (top) and f01 (bottom), for each of the
GWTC-1 events.
hypothesis that resonances occurred and the hypothesis
that none were present.
We calculated log Bayes factors for two sets of simu-
lated signals embedded in data from the O1 and O2 ob-
serving runs, one in which the signals were from BBHs,
and another where resonances were present. Using the
distribution of logBECOBBH from the former set as back-
ground and from the latter as foreground, we were able
to conclude that the effect of resonance-induced phase
shifts of ∆φ01,∆φ02 . 10 rad can be detectable at 5σ
significance with an efficiency as large as ∼ 30%.
We then turned to the presumed binary black hole
events of GWTC-1. In all cases the logBECOBBH were found
to be consistent with background, and moreover they
were all negative, thus favoring the hypothesis that no
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FIG. 8: Posterior density functions for the phase shifts
∆φ02 (top) and ∆φ01 (bottom), for each of the GWTC-
1 events.
resonances had occurred while the signals were in the de-
tectors’ sensitive frequency band. Posterior density func-
tions for resonance frequencies and induced phase shifts
were consistent with these non-detections of resonant ex-
citations.
Although so far we have found no evidence for reso-
nances in binary black hole-like signals, it is possible that
this will happen in the future. In that case one will want
to also characterize the resonant excitations. The exam-
ple framework presented here assumed two resonances in
the ECO hypothesis HECO. However, one could envis-
age Bayesian ranking within a list of ECO hypotheses
H
(n)
ECO that assume there to be n resonances in band,
with n = 1, 2, 3, . . .. Alternatively, one could have a sin-
gle ECO hypothesis allowing for a variable number of
8resonances, with this number itself being sampled over.
These further improvements are left for future work.
Finally, with minor modifications our methodology
could be used to search for resonant r-modes in binary
neutron star inspirals [39, 55]. In that case the induced
phase shifts are expected to be below detectable levels
with existing instruments, but they may be in reach of
more sensitive detectors in the foreseeable future [56].
Note that for r-modes the relevant parameters can be
related to other properties of the neutron stars [39]; for
example the resonance frequencies are proportional to
the spin frequencies, so that they need not be treated as
completely free parameters. Setting up appropriate mea-
surements then deserves a separate, in-depth treatment;
this is work in progress.
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